Link (1) suggested in 1948 that the coumarin compound warfarin be used as a rodenticide. Its first human use was in a suicide attempt in 1952 (2). Although warfarin has been employed increasingly in the treatment of thromboembolic disorders (3) (4) (5) , no published reports of its physiologic disposition in man have appeared, probably owing largely to the lack of a suitable method for its measurement in biologic fluids (6).
method was never applied to man. Since 1954, several investigations of warfarin in the rat have appeared, including the studies of Garner (10) , Eble (11) , and Lin (12) . Their methods, however, were unpublished except as doctoral theses, or were not readily adaptable for studies in man.
Recently, we described a spectrophotometric method for the estimation of warfarin in biologic fluids (13) , and have used this method in the present study to investigate the pharmiacodynamics of warfarin in man. We determined the concentrations of warfarin in the plasma and of a warfarin metabolite in the urine of normal subjects after both oral and intravenous administration of the drug. Analysis of the data provided information on its absorption, elimination, apparent volume of distribution, and excretion. Differences in its biologic effect were evaluated by simultaneous measurements of its plasma concentration and of prothrombin complex activity. * Work supported by U. S. Public Health Service grant H-2754.
METHODS
The subjects, all volunteers, were 14 normal men and women, ages 27 to 63 years, and one patient, age 72 years, with coronary artery disease who was included because he was unusually resistant to the prothrombinopenic effects of the drug.
Warfarin sodium 1 was administered either orally in the form of tablets (starch base) or by iv injection. The tablets were swallowed whole in the morning by subjects in the postabsorptive state, and no food was taken for at least 2 hours thereafter. For iv administration, lyophilized warfarin sodium was reconstituted in distilled water. The total dose was injected into the antecubital vein in less than 1 minute. The dose of warfarin given by either route was based on body weight in an attempt to equalize the effect of the drug on subjects with different plasma volumes, assumed to be a function of body weight. A standard dose of 1.5 mg per kg of body weight was selected so that drug levels and prothrombin complex responses would be in a clearly measurable range for several days after administration of warfarin.
Test specimens were prepared as follows. Blood obtaimed by clean venipuncture was mixed in glass tubes in a proportion of 9: 1 with 3.2% sodium citrate in 0.7%c saline and centrifuged at 2,000 rpm for 20 minutes at 4°C.
The plasma was then removed and stored at -200 C. Twenty-four-hour urine and stool specimens were collected, and their volume and weight were recorded. Samples of each were stored at -200 C. Plasma prothrombin time (prothrombin complex activity) Was determined by the method of Quick (14) . Thromboplastin extract was prepared from dehydrated rabbit brain 2 Concentrations of warfarin in plasma, urine, and aqueous suspensions of homogenized stool were measured as described previously (13) . Twenty ml of reagent-grade ethylene dichloride3 was placed in a 60-ml glass-stoppered bottle. Onto this organic phase were poured in a layer exactly 2 ml of the test specimen, 1 ml of distilled water, and 0.5 ml of 3 N HCl. (13) . The urine of subjects who had taken warfarin was extracted; the ultraviolet spectrum of these extracts was of similar configuration to pure warfarin, but the peak of maximal absorption was shifted from 308 to 320 m1A. When these extracts were subj ected to countercurrent distribution analysis, they proved to be considerably more polar than pure warfarin. Since the metabolite has not been characterized chemically, its excretion was quantitated by assuming that its ultraviolet molar extinction coefficient and that of unchanged warfarin are identical. group are shown in Figure 1 . As Table I shows, the absorption phase was characterized by a rapid rise in plasma drug concentration, which reached maximal values of 8.6 to 17.6 mg per L in 2 to 12 hours. Thereafter, during the phase of elimination, the concentrations declined exponentially, reaching values of 0 to 3 mg per L by 120 hours. The mean, standard deviation, and coefficient of variation (CV) were calculated for each period, beginning at 3 hours. At 3 hours, the plasma concentrations showed considerable variation (CV = 34%o), apparently due to differing rates of gastrointestinal absorption. From 6 to 24 hours, drug absorption was completed and the elimination phase began; variation was least during this time (CV = 15 to 19%o). After 24 hours, the plasma concentrations again showed increasing variation (CV = 73%o at 120 hours), reflecting differing rates of elimination of warfarin. Prothrombin complex activity (Table II) was significantly reduced in all subjects within 24 hours; maximal reductions were reached between 36 and 72 hours. There was little variation between subjects during the first 24 hours, followed by increasing variation throughout the remainder of the period of observation, as the large coefficients of variation after 48 hours indicate.
The biologic half-time of disappearance (to) of warfarin in each subject was determined from the final exponential component of the disappearance curve. As shown in Table I and Figure 1 , the t1 of warfarin in the group ranged from 15 to 58 hours, with a mean of 42 hours. The subject with the slowest clearance of warfarin from the plasma (N-3, tj = 58 hours) had the greatest prothrombin time response, whereas the subject with the most rapid clearance (N-6, t4 = 15 hours) Absorption. The duration of gastrointestinal had the least. The mean prothrombin time re-absorption, as determined by the time of onset of sponses at 48 and 72 hours were nearly equal; in the final exponential component of the disappearthe most responsive subject the prothrombin time ance curve (15), was 6 to 24 hours after adminiswas longer at 72 than at 48 hours, whereas in the tration of a single standard dose of warfarin (Figleast responsive subject the converse was true. ure 1). To determine the time of absorption more The relationship between the pharmacologic exactly, experiments with more frequent sampling behavior of warfarin as represented by its plasma were carried out in three normal subjects (N-i, concentration and tj and the biologic response as N-9, and N-14). The concentration of warfarin represented by the prothrombin complex activity in the plasma of these subjects rose to maximal is illustrated graphically in Figure 2 . A high de-levels in 2 to 9 hours (Table I) . gree of correlation was found (at 48 hours, r = -Similar studies were carried out on one sub-0.86, p < 0.001). A similarly significant corre-ject (N-i) after oral administration of 50, 100, lation was found between the t1 and maximal pro-and 200 mg of warfarin. The plasma concentrathrombinopenic response (r =-0.93, p < 0.001). tions of warfarin in this subject are shown in The extent of gastrointestinal absorption was evaluated by determination of the warfarin content in the stool after both oral and iv administration of the drug. Warfarin was not detectable in the stool during any experiment, even after oral administration of 6 mg per kg of body weight (400 mg).
Plasma elimination and volume of distribution. The disappearance of warfarin from the plasma was studied by iv administration of the drug. During the first few hours, plasma levels declined steeply, then more slowly, eventually following an exponential course for the remainder of the experiment. In all experiments in which a sufficient number of observations were made, the data could be fitted to a triple exponential decay pattern. In most experiments, the number of early observations was insufficient to allow for separation of the first and second components, so that only the third component has been analyzed (Ta- blood and incubated at 370 C for 2 hours. One part of the sample was hemolyzed by repeated freezing and thawing, the rest was centrifuged, and the red blood cells were separated from the plasma and washed 5 times. These three fractions were dried on planchets and counted in a C14 internal-flow gas chamber. Less than 1 % of the radioactivity was found in the red-cell fraction and over 99% in the plasma.5
In these experiments, the final exponential component of the disappearance curve of intravenously administered warfarin was extrapolated back to zero time (Cp'). Since warfarin appeared not to enter the red blood cells, the dose divided by the Cp°g ave the apparent volume of distribution (Vd). As shown in Table IV , Vd, expressed as percentage of body weight, ranged from 9.8 to 15.8, with a mean of 12.8 + 2.2 SD. No correlation was found between the size of the dose (in milligrams per kilogram body weight) and Vd. With plasma volume assumed to be 5% of body weight, the warfarin space was 2.6 ± 0.3 times the plasma volume.
Excretion. In eight experiments, five normal subjects were given single oral or iv doses of 1.5 to 8.0 mg of warfarin per kg body weight (60 to 600 mg). All stool and urine was collected for several days. No unchanged warfarin could be demonstrated in the stool at any time. We previously reported preliminary studies indicating that warfarin was present in the urine (16), but further investigation proved this to be almost entirely a metabolite of the drug (13) . As shown in Table V , much larger quantities of metabolite were excreted for the two larger doses at all periods. By 96 hours, 86 to 100% of the metabolite was excreted by all subjects. Two of the subjects (N-1 and N-2) received the same dose (100 mg) orally and intravenously. Little difference was observed in the cumulative excretion pattern. The time required for excretion of 50% of the metabolite ranged from 19 to 49 hours.
Effect of vitamin K on warfarin metabolism. In three experiments, two subjects received 5 to 10 mg of vitamin K, orally 3 times daily for 3 days. On day 4, 1.5 mg of warfarin per kg body weight and 25 mg of vitamin K, were given simultaneously by mouth. The plasma warfarin concentra- 5 We are grateful to Dr. Evelyn Siris for making these determinations. Whereas prothrombin complex activity returned to the normal range within 24 hours, the rate of disappearance of warfarin from the plasma was not altered by ingestion of vitamin K.
Prothrombin complex response. The prothrombinopenic response to warfarin was studied over a wide range of single doses in four subjects. Beyond certain critical levels, increasing the dose of warfarin did not hasten the rate of prothrombinopenic response. As shown in Figure 3 , the maximal rate of prothrombin time prolongation was achieved with a dose of 50 mg in subject N-2.
Increasing the dose to 200 mg did not hasten the rate of response. There appeared to be a direct linear relationship at lower doses between the logarithm of the dose and the maximal depression of prothrombin complex activity. With higher doses, the major effect was not on the degree of maximal response but on its duration.
DISCUSSION
The marked variation in the prothrombin time response of normal subjects to similar doses of warfarin appeared to be conditioned 'mainly by differences in the rate of elimination of warfarin from the plasma. Since practically no unchanged warfarin was excreted in the urine and none in the stool (13), its elimination from the plasma must occur almost exclusively by chemical transformation (17) . The speed of its elimination is a function of the rate of this process. The rate of elimination of warfarin from the plasma, unlike that of Dicumarol (bis-hydroxycoumarin) (18) , is independent of the size of the dose or the route of administration. High degrees of correlation were found between rates of elimination and maximal prothrombinopenic responses and between plasma warfarin levels and prothrombin complex values after administration of a single large dose of warfarin. This should not be construed as a direct, cause-and-effect relationship. The prothrombin complex activity at 48 hours is not the direct result of the amount of warfarin in the plasma at that time. Rather, both values reflect events that occurred during the preceding 48 hours. Previous investigations have suggested that the prothrombinopenic response of a particular drug is related to the duration of maintenance of its plasma concentration (7, 8) . Significant correlations between plasma warfarin concentrations and prothrombin complex values, however, could not be demonstrated. Prolonged and incomplete absorption of warfarin, often continuing for 3 to 4 days (19) , made such correlations with Dicumarol impractical. With ethyl bis-coumacetate (Tromexan), in contrast, the elimination rate was so fast (to, approximately 3 hours) that the major prothrombinopenic effect was not exerted until after the drug was no longer detectable in the )laslmla (20) . We found warfarin to be ideally suited for showing these correlations because its absorption phase was complete and of short duration, and its elimination phase relatively slow.
The volume of distribution of warfarin (approximately 13%o of body weight) was lower than that of most acidic drugs (25 to 30%) (17) and was identical with that found for pure albumin (21) . We previously showed that 97%o of warfarin in plasma is bound to protein (16) . Recent in vitro studies in our laboratory with C14-labeled warfarin indicate that it is bound by the albumin fraction in native plasma (22) . These data suggest that the small size of the warfarin space is a result of its high degree of albumin binding.
The volume of distribution of warfarin, as is true of practically all drugs, was independent of the amount of drug injected. In contrast, increasing doses of Dicumarol result in smaller apparent volumes of distribution (23) . The better aqueous solubility of warfarin at body pH (24) may result in quicker equilibration, and hence, in a Vd that is independent of dose.
Oral administration of vitamin K, (phytonadione) exerted an antidotal effect on the prothrombin complex response, but did not alter the gastrointestinal absorption of warfarin or its elimination from the plasma. These results confirm the findings of Eble (11 ) in the rat. Weiner and associates (7) stated that the simultaneous administration of vitamin K and Dicumarol did not alter the plasma levels of the anticoagulant in man. These reports suggest that the antidotal action of vitamin K on the prothrombinopenic effect of the coumarin anticoagulant drugs is not mediated through an alteration in the pharmacodynamics of the anticoagulant. The antidotal effect of vitamin K in animals given Dicumarol was attributed by Lee, Trevov, Spinks, and Jaques (25) to direct displacement of the drug from the liver. These results could not be confirmed, however, by Green, Sondergaard, and Dam (26) . Our results are more consistent with those of the latter group; we found no alteration in the plasma elimination curve of warfarin after administration of vitamin K1, so warfarin was not displaced from the plasma or from the liver into the plasma. In terms of competitive inhibition of vitamin K, and warfarin inl a reversible reaction, it is not necessary to postulate absolute displacement of warfarin from the liver. The facilitation or inhibition of this reac-1549 tion could depend on the relative proportion of the vitamin and its structural analog, the coumarin, in the liver (27) . SUMMARY 1. The metabolism of warfarin in man was studied with a spectrophotometric-method recently developed in our laboratory for the estimation of unchanged warfarin in biologic fluids. Simultaneous measurements of warfarin levels and of prothrombin complex responses were made in a variety of circumstances.
2. A standard dose of warfarin (1.5 mg per kg of body weight) was administered orally to 14 normal subjects. Maximal concentrations in plasma occurred in 2 to 12 hours. Thereafter, during the phase of elimination, the half-time of warfarin's disappearance from the plasma varied from 15 to 58 hours, with a mean of 42 hours. Maximal depression of prothrombin complex activity was achieved between 36 and 72 hours. The normal subjects with the least prothrombinopenic response to warfarin had the most rapid elimination rates, and the -most responsive subjects had the slowest. In normal subjects, high degrees of correlation were found between the plasma concentrations of warfarin at 48, 72, and 96 hours and the halftime of its disappearance, and also between the plasma concentrations and the degree of prothrombin complex depression. 3 . The absorption of warfarin from the gastrointestinal tract appeared to be complete, since no warfarin was found in the stool even after massive oral doses. Furthermore, warfarin levels in plasma and prothrombin complex responses were virtually identical with oral and intravenous administration.
4. The apparent volume of distribution (Vd), expressed as a percentage of body weight, ranged from 9.8 to 15.8, with a mean of 12.8. No correlation was found between the size of the dose of warfarin and Vd. The warfarin space was the same size as the albumin space (2.6 times the plasma volume).
5. Virtually no unchanged warfarin, but significant quantities of a metabolite, were found in the urine.
6. Oral administration of vitamin K1 did not influence the rates of absorption or chemical transformation of warfarin.
